We present results from 1351 high resolution spectra of 1215 stars in the Orion Nebula Cluster (ONC) and the surrounding Orion 1c association, obtained with the Hectochelle multiobject echelle spectrograph on the 6.5m MMT. We confirmed 1111 stars as members, based on their radial velocity and/or Hα emission. The radial velocity distribution of members shows a dispersion of σ = 3.1 km s −1 . We found a substantial north-south velocity gradient and spatially coherent structure in the radial velocity distribution, similar to that seen in the molecular gas in the region. We also identified several binary and high velocity stars, a region exhibiting signs of triggered star formation, and a possible foreground population of stars somewhat older than the ONC. Stars without infrared excesses (as detected with the IRAC instrument on the Spitzer Space Telescope) exhibit a wider spread in radial velocity than the infrared excess stars; this spread is mostly due to a blue-shifted population of stars that may constitute a foreground population. We also identify some accreting stars, based on Hα, that do not have detectable infrared excesses with IRAC, and thus are potential transitional disk systems (objects with inner disk holes). We propose that the substructure seen both in stellar and gaseous component is the result of non-uniform gravitational collapse to a filamentary distribution of gas. The spatial and kinematic correlation between the stellar and gaseous components suggests the region is very 1 Observations reported here were obtained at the MMT Observatory, a joint facility of the Smithsonian Institution and the University of Arizona -2 -young, probably only ∼ 1 crossing time old or less to avoid shock dissipation and gravitational interactions which would tend to destroy the correlation between stars and gas.
Introduction
Because most stars are formed in clusters (e.g., Lada & Lada (2003) ), the processes responsible for cluster formation are important to include in any consideration of the mechanisms of star formation. Observations of very young clusters can provide clues to the initial conditions of cluster formation if the cluster has not dynamically relaxed. The increasing sensitivity of infrared studies with both ground-based instruments and the Spitzer Space Telescope has made it more feasible to search for substructure in embedded populations, as seen for example in the young cluster NGC 2264 (Teixeira et al. 2006 ). In addition, gas and dust can be cleared away rapidly by stellar energy input, revealing many young cluster members at optical wavelengths. In the case of NGC 2264, spatially-coherent kinematic substructure in the stellar population now has been detected using optical spectroscopy by Fűrész et al. (2006) .
The Orion Nebula Cluster (ONC) is a touchstone for studies of cluster formation, as it is the closest, relatively populous ( 2000 members) young cluster containing an O star. While many stars in the ONC are heavily extincted (Ali & Depoy (1995) ; McCaughrean & Stauffer (1994) ; Carpenter, Carpenter et al. (2001) ; McCaughrean et al. (2002) ; see also O'dell (2001) and references therein), evaporation of molecular gas by the O6-7 central star θ 1 C Ori has revealed many of the members of the ONC at visible wavelengths. Optical studies of the stellar population show that it is quite young, with a median age of roughly 1 Myr or less (Hillenbrand 1997) , suggesting that it is reasonable to search for substructure in the cluster related to the initial conditions of formation.
-3 -This elongation is particularly apparent on scales larger than 0.5 pc from the center. The filamentary structure is well expressed in CO observations of the region (Bally et al. 1987) , as well as in the distribution of pre-main sequence (PMS) stars, shown by recent infrared (IR) observations (Megeath et al 2007, in preparation) . According to the models of Burkert & Hartmann (2004) , self-gravitationally collapsing gaseous sheets can form such elongated, filament-like clouds. The numerical simulations show that density and velocity dispersion becomes larger at the ends, inducing star formation to start at the tip of the filament, just like the position of ONC within the Orion A cloud. The collapsing sheet model also predicts an overall velocity gradient along the filament, in agreement with CO observations of ONC (Bally et al. 1987 ). For such a young star forming region as ONC, the stars are still very close to their birthplace; therefore, the stellar kinematics may reflect initial conditions rather than being relaxed.
We therefore conducted a radial velocity (RV) survey of more than 1200 stars in the northern region of the Orion A cloud to search for clues to the initial conditions of the ONC's formation. In this paper we present results based on high-resolution spectroscopic observations in the λ ∼ 6560Å region, which allowed us to measure RVs and identify T Tauri stars (TTS) based on their Hα emission. We find that the stellar population exhibits a strong spatial and kinematic correlation with the 13 CO gas in the region; the observed substructure conclusively demonstrates that the ONC is not relaxed, but instead reflects the initial conditions involved in its formation. We also comment on the detailed structure, distributional differences seen among stellar groups distinguished by infrared, Hα, and spatial and kinematic properties. In a subsequent paper we will incorporate followup spectroscopy we have obtained in the Mg triplet region (centered at 5225Å) to examine rotational velocities and spectral typing, along with observations of the 6708Å Li line to use as an age estimator.
Target Selection
To conduct the kinematic study we selected targets in the northern end of Orion A. Thanks to the dense molecular cloud there are few background stars in any stellar catalog of the region. At the same time, the ONC region exhibits a high density or pre-main sequence objects on the sky so the foreground contamination is relatively low. Therefore we initially used a simple color-magnitude selection from the 2MASS catalog to draw the first target list for our observations.
Our intent was to observe multiple fields to cover at least a ∼ 1×2 degree area. Previous experience with Hectochelle suggested we could reach a S/N ratio of 10 or higher for most -4 -of our targets in 1 hour exposure time if stars with 11.5 < J < 13.5. We also initialliy selected stars with 0.2 < (H − K) < 0.5 to avoid heavily-reddened objects, but this also eliminated many stars with disks (see following paragraph). These selection criteria above therefore resulted in 2319 targets within a 1.5 × 2.7 degree field centered at α = 5 h 35 m and δ = −5
• 44 ′ . This region includes the Trapezium and areas to the south (NGC 1980) and to the north (NGC 1973 -1975 -1977 , NGC 1981 of the ONC.
We added young stellar objects to the sample based on their IR excess as identified using the IRAC and MIPS instruments on board the Spitzer Space Telescope (Megeath et al. 2007 ). This selection went down to a fainter magnitude limit of J = 15, and included additional Class II members of the star forming region. These targets were observed during the second of the two spectroscopic runs, while 2MASS selected objects were observed in the first. See Figure 1 for the spatial distribution of selected targets. Details will be given in a forthcoming paper (Megeath et al. 2007 ).
Spectroscopic Observations
The spectroscopic observations were carried out using the Hectochelle multi-object spectrograph (Szentgyorgyi et al. 1998 ) at the 6.5m MMT telescope in Arizona. We used the 190Å wide echelle order centered at Hα, because we could get RV information as well as record the stellar hydrogen emission profiles, a sign of youth and membership, at the same time. This is the same instrumental setup that was used for the observations reported in Fűrész et al. (2006) (see section 2.2 of that paper for details; also Sicilia-Aguilar et al. (2005) ).
The first set of spectra was taken in 2004 December, when a total of 866 stars in 4 fields were observed (see Table 1 ). Initially we chose not to bin in the resolution direction, which resulted in low signal-to-noise (S/N) values for the faintest targets. Therefore, we used a 2 × 2 binning in 2005 November in order to decrease the readout noise in the data and thus go fainter. Because Hectochelle oversamples the resolution element (the PSF of a resolved spectral feature has ∼ 3.5 pixel FWHM), this binning does not result in a serious loss or resolution. Accordingly, the accuracy of RVs derived for the 485 stars observed in 2005 are comparable to the 2004 values.
During the two observing run we collected a total of 1351 spectra of 1215 stars within 7 Hectochelle fields. The location of these objects are shown in Fig 1, overplotted a color IRAC mosaic image covering most of the 1 × 2.5 degree region explored by spectroscopy.
Sky subtraction would have been very difficult in the vicinity of ONC, as the nebular -5 -emission is so strong and can vary rapidly on small spatial scales. Consequently, placing a few sky sampling fibers over a field is not adequate. The best approach would be to take an offset sky exposure, where all the fibers remain at the target locations and the telescope is moved by a few arcseconds to set targets off the fibers, resulting in sampling the background right next to each targets. However, this procedure would double the exposure time; due to time constraints we did not take such exposures. We simply excluded the emission features not to be important for RV measurements, which did not result in an appreciable loss of absorption features used in the cross-correlations.
Data Reduction
The spectra were extracted, calibrated and normalized by an automated, IRAF based pipeline, utilizing the standard spectral reduction packages and tools. Some of the Hα emission was so strong that a given aperture became partially saturated, and this affected the Hα profile of neighboring apertures. As the RV determination is based on absorption lines outside of the Hα region, it usually did not cause problem in measuring RV as we excluded any emission portion of the spectrum from the cross correlation. Sky subtraction was not performed due to the lack of proper background sampling, as mentioned above, so the stellar Hα and profiles contain nebular emission (N[II] ) is basically all nebular).
The velocities were derived by cross-correlating (CC) each observed spectrum with a set of templates, using the rvsao package within the IRAF environment. As we found in Fűrész et al. (2006) by finding the most similar template to a given object in such "multi template method" yields a more accurate RV. Instead of using observed templates, for this present work we adopted synthetic spectra from the library of Munari et al. (2005) . Even though the unbinned observations of 2004 yield higher resolution (R ∼ 38, 000) than the R = 30, 000 for the synthetic ones, downgrading the resolution of the data for the CC was found unnecessary. Comparisons between the cross-correlation functions (CCF) of the original and smoothed (resolution downgraded to match R ≈ 30, 000) data against the same templates showed no differences in the measured RV value larger than the estimated error in fitting the peak of the CCF. For the spectra recorded in 2005 there was an even better match between the resolutions of the data and the templates, due to the 2 × 2 binning.
The set of templates was a 3 dimensional grid in effective temperature (3500 < T ef f < -6 -6000, with 250K steps), surface gravity (1.0 < log(g) < 5.0, with steps of 0.5) and rotational velocity (0, 2, 5, 10, 15, 20, 30, 40, 50 ,75 an 100 km s −1 ). The metallicity was chosen to be [M/H] = +0.5, as a possible one for young stars in the solar neighborhood, and its value was fixed because of the common origin of our targets. (Other variables of the full original library were set to: micro-turbulence K = 2 km s −1 ; no [α/Fe] enhancement and using the new ODF models). A total of 1089 templates were compared to each spectrum, and the following values were determined: S, the height of the CCF; R, the signal-to-noise of the CC (for details see Fűrész et al. (2006) , Kurtz & Mink (1998) and Tonry & Davis (1979) ); V rad , the heliocentric-corrected radial velocity; V err , the error of radial velocity determination. These values are given in Table 2 and 3 along with other result of spectroscopy and photometry.
For each observed spectrum the CCF values of S, R and V rad were plotted and the global peak was localized for S. The parameters of this best fitting template were adopted as the astrophysical parameters of the given star, but only in case if S, R and V rad were changing smoothly within a small range with varying template parameters (as expected for a robust result). We found the variation of these CCF parameters (S, R and V rad ) to be a good indicator of noise, as low S/N ratio and/or featureless spectrum yield very different CCFs for different templates, and exhibit no global (outstanding) CCF peak but several local peaks of the same height (0.1-0.2). Significant CCFs yield global peaks at least 30-50% higher than any other noise peak.
We plotted the CCF for the best matching template for each star, and examined the result by eye to make sure the global peak identified did not exhibit any sign of binarity (side-lobes or a secondary peak with comprable peak height). If a companion was found (or a high probability of a possible companion was suggested by the CCF), we marked the star as a binary (possible binary; see Table 2 and 3).
As a result there were 1049 stars out of 1215 yielding an R > 4 (only these were used in the later analysis), with a mean R value of 13.7. As a comparison, using 10 actually observed templates (the ones from Fűrész et al. (2006) ) we only obtained 547 stars with R > 4 and a mean R value of only 7.8. Thus, increasing the number of templates led to a significant increase in the number of objects with accurate RV values.
We found a 0.8 km s As discussed by Tonry & Davis (1979) , the RV error (∆V rad in Table 2 ) is expected to
with W being a constant related to the velocity width of the CCF. We estimated that W ∼ 10 km s −1 and found this to be in good agreement with multiple observations of program objects after correcting for the above zero point offset and eliminating possible binaries.
Results

Velocity Distribution and Correlations Between Stellar and Gaseous Component
The distribution of measured heliocentric radial velocities is shown in Fig. 2 . The histogram of the entire sample is displayed for three different S/N ratio of the cross correlation, and we also show the distribution of a spatially selected sub-sample. The R > 2 group includes the faintest spectra, on which scattered moonlight causes the the cross-correlation to fix on the solar spectrum rather than the stellar lines; this leads to a false peak near the heliocentric correction value (∼ 14 km s −1 ). However, most of the faint spectra follow the distribution drawn by the higher S/N ratio selections. In any event, we did not use any spectra with R values less than 4 in the following analysis.
The distribution of the entire R > 4 sample peaks at a heliocentric velocity of 26.1 km s −1 (see Gaussian fit on Fig. 2 , in good agreement with our initial study of ONC ). The dispersion we found, σ = 3.1 km s −1 (with 10 and 40 km s −1 cutoff values), is somewhat higher than the 2.3 km s −1 value of the previous Hectochelle study, or the 2.5 km s −1 derived from proper motions (Jones & Walker 1988) , but the present sample includes a larger region (see Fig. 1 ). Nevertheless, spatially selecting a sub-sample in the close vicinity of ONC, within a 15 ′ radius of Trapezium (292 stars with R > 4), we still found a mean velocity of 25.6 km s −1 and a dispersion of σ = 3.1 km s −1 . These numbers are very close to values calculated using the entire sample, but the distribution is different for these two spatial selections, as it is obvious in Fig. 2 . While all the observed stars can be fitted by a σ = 3.1 km s −1 Gaussian, the velocity distribution of ONC stars does not seem sufficiently peaked at the mean velocity.
We computed the cross-correlation between −500 to +500 km s −1 heliocentric velocities, but found only a small number of stars farther from the peak than ±4 σ. Between 4 − 15 σ there are stars with high R values, but outside of this region there are only a few, usually very faint, outliers. The insert in the upper left of Fig. 2 shows how clean the distribution -8 -is over the explored RV range, even including the R > 2 spectra. The y axis is log scaled, to better show the wings of the peak. (A horizontal line is also drawn at N = 1.) Based on the morphology of the histogram we define RV membership for stars with velocities in the 26.1 ± 4σ range, or between 13.7 and 38.5 km s −1 . Even if the RV was out of this range, or was very uncertain due to low R value, we still considered a star as member if its spectra exhibited non-nebular (i.e., large velocity width) Hα emission. For the details on members and non-members see Tables 2 and 3 . Figure 3 , 4 and 5 display channel maps, slicing the right ascension-declination-velocity data cube in RV, RA and DEC, respectively. The stars (filled circles) are shown together with the molecular gas (blue shading) in order to compare structure between the stellar and gaseous component. The 13 CO measurements of Bally et al. (1987) were converted from LSR to heliocentric, to match our RV measurements, by adding 17.5 km s −1 to the LSR values. The size of stellar symbols are coded with R value, larger circle meaning higher S/N in the cross correlation and hence more accurate RV measurements in general. As some stars were observed more than once, we distinguish these by black color as their averaged RV values are even more accurate. All of these maps show an overall north-south gradient in RV and significant substructure.
The morphology seen in the stellar population is very similar to that of the molecular gas. This is most apparent on Fig. 4 , where the projection is in RA, as the orientation of the molecular gas has a filamentary structure mostly extending along DEC. To emphasize this structural parallelism, on the last panel of this figure we present a full projection of the 13 CO data with contour plots of stellar density. (For the contours the number of stars was calculated in 1 km s −1 by 0.1 • bins with a grid resolution of 0.5 km s −1 and 0.05
Hα Emission profiles
As described earlier (section 3), we did not take the observations that would be necessary for adequate sky subtraction in this region, where the nebular background can vary strongly over small scales. This makes the analysis of Hα profiles difficult, but not impossible in cases where the stellar component is much broader than the (relatively narrow) nebular component. However, nebular emission can be so strong that the stellar signature is barely visible as asymmetries in the wings, at very low intensity levels. This means that neither the canonical 10Å limit in equivalent width nor the 270 km s −1 limit in full-width at 10% peak (White & Basri 2003) method can be applied on the raw spectra to distinguish between accreting T Tauri stars (classical T Tauri stars, CTTS) and non-accreting, weak-emission T Tauri stars (WTTS).
-9 -To help identify the broad wings of Hα, we used a simple algorithm to identify narrow (FWHM < 10 km s −1 ) emission peaks close (±25 km s −1 ) to the main 13 CO velocity. and fit a gaussian component to this peak. If such local peak was found than it was replaced with a linear segment, connecting the points where the wider stellar profile started to deviate from the narrow gaussian component. While this helped us to visually inspect the line profiles and make a judgment as to the presence of broad emission wings, it is obviously not a robust method of eliminating nebular emission, especially given the complex velocity structure seen in the densest regions.
In cases of strong nebular emission only the low level wings contain usable information for classification. We therefore examined the linear and log scaled plots of each Hα profile. A sample of these plots are presented in Fig. 6 . The linearly scaled, corrected profile displayed as a bold line, with a linear segment replacing the supposed and eliminated nebular component. The logarithmically scaled version of the uncorrected spectra is shown as a thin line, and other than emphasizing the wings it also makes it the possibile to check if the automated identification and subtraction of nebular emission was correct. (The intensity values does not apply to this representation, as it was scaled to fit the linear-scaled range described above.) Black triangles mark the full width at 10%, which was measured together with EW on the corrected profile. Those values are listed in in Table 2 .
We found some contradiction between the two spectroscopy-based classification scheme of TTSs. For some stars even though the nebular-corrected EW (and sometimes the uncorrected EW as well) was significantly smaller than 10Å, the full-width at 10% reached or exceeded 250 km s −1 , broadening strongly indicative of accretion (for example: 0535495-042438 = F11 ap128; 0534257-045655 = F21 ap115; 0536197-051438 = S1 ap175; etc.). With IRAC photometry in hand for several of these stars we were able to confirm the CTTS status. At the same time in other cases we encountered some disagreement between very clear CTTS profiles and IRAC photometry not suggesting a disk (see section 5.3 below). In addition, further uncertainties were caused by the artificial subtraction of nebular emission component. Table 2 and 3 are based on a somewhat more complicated classification scheme than CTTS/WTTS or no-emission. In cases of very strong nebular emission with apparently broad but uncertain wings in Hα, to note the possible nebular bias in classification of these stars, we distinguish them with an "NS" prefix in the Hα note. A full description of our classification scheme is given in the notes for Tables 2 and 3. In terms of statistics, in our particular sample the total number of CTTS (including C, CD, CW, NSC, see Hα note in Table 2 ) is 581, or 53.6%, The total WTTS count is 439 -10 -(including W, WC, WD, W+, W-, NSW), or 40.5%, for a ratio of CT T S/W T T S = 1.35. If only the most confidently classified groups are considered, we have 276 CTTS (including only C), and 230 WTTS (including 160 W and 70 W+), which gives a ratio of CT T S/W T T S = 1.20. However, we caution that these numbers cannot be used to estimate a true ratio of accreting to non-accreting stars in the region, because our sample is biased by the selection of infrared-excess stars, as well as being limited in the sampling of stars in the inner ONC due to crowding. In addition, our non-IRAC selection of stars (F-fields) tended to omit stars with large infrared excess in H-K. et al. 2004) can be used to distinguish between young stars with and without inner disk emission (and protostars with circumstellar envelopes, but these were not within the scope of our survey). In the case of a star having both short-and long wavelength infrared excess due to a circumstellar disk, accretion onto the star is likely taking place, and therefore we expect a broad Hα profile, (the signature of material falling in at high velocity), thus a CTTS (e.g., White & Basri 2003) . If the short wavelength excess is not present, presumably there is either no disk to accrete or no inner disk; in most cases, such systems are not accreting and thus are WTTS. Fig. 7 shows that as expected, many weak-emission stars have no infrared excesses and many wide-emission stars have infrared excesses, but there are a significant number of counterexamples. We suspect that many, if not all, of the stars with significant [3.6]-[4.5] excesses are in fact accreting, based on the strong correlation previously seen in K-L in Taurus (Hartigan et al. 1990 ), but the strong nebular contamination prevents us from detecting the Hα wings. Other objects with only long-wavelength excesses may indeed not be accreting. In addition, there are systems without any excesses which clearly are accreting. In the cases of 0533477-045208 (F11 ap43) or 0535343-060542 (F31 ap158) the IRAC colors are F11 ap43 and F31 ap158 appear to be examples of a small class of objects termed "transitional disks" (Calvet et al. 2002 . We have found ∼ 35 such stars in our ONC sample. These systems tend to have their inner disks partially or almost totally cleared of -11 -small dust, as inferred by the weakness of the near-infrared excess, yet have substantial outer disks. TW Hya (Calvet et al. 2002 and DM Tau are examples of systems which have essentially zero measurable excesses shortward of ∼ 5µm but have strong excesses at longer wavelengths, and in addition are still accreting gas onto the central star, producing a broad Hα emission profile. (For example, the 10-Myr-old accreting T Tauri Hartmann et al. 2005 .) Megeath (personal communication) has confirmed the transitional disk status of these objects, as his Spitzer photometric survey extended into the 24 µm band and some of these peculiar stars had usable (acceptable S/N ratio) measurements exhibiting long wavelength excess.
Therefore the final notes (classes) on Hα profiles listed in
Spectroscopic vs. Photometric Disc/Accretion Indicators
How small dust "disappears" while gas still accretes in the inner disk is not entirely clear. One possibility is that grains grow to such large sizes that the near-infrared opacity is reduced; another possibility is that "filtration" occurs at the inner edge of the opticallythick outer disk, moving particles of sizes responsible for the near-infrared emission outward (Rice et al. 2006) . In any event, the accreting transition disks we identify here in the ONC must be among the very youngest such systems known, expanding the range of ages where transitional disk behavior occurs.
Binary Stars
As the velocity dispersion in the ONC region is relatively small, identifying spectroscopic binaries is important to explore intrinsic kinematic structure. To ensure a consistent zeropoint (see Section 4) between the multi-epoch observations discussed here, we included some stars of our first observing run in the second set. Also, to make sure that different fields of a given run have a common zero point, we had some overlap between fields so that some stars were observed multiple times within an observing run. Out of the 1215 targeted stars 1086 were observed only once, 122 twice, and 7 three times. For the 129 stars observed multiple times, we compared RV values and evaluated the difference (∆) against the internal RV error (σ) of the correlation, identifying possible (∆ > 1.5σ) and likely (∆ > 3σ) binary stars. The CCF column of Table 2 and 3 lists dv? and dv notes for these stars, respectively.
In case of a single RV measurement the cross correlation function still can be used to identify double-lined spectroscopic binary stars. By looking at each individual CCF we found several side lobes, secondary peaks blended with the main peak (CCF note s), and resolved double peaks (d ). In case the main/secondary CCF peak heights were not at least 50% higher than any other local peaks due to noise, or the side lobe did not raise 25% higher than local peaks and therefore the detection probability was not high, we added the "?" sign in the notes to express the uncertainty.
-12 -The location of these binary stars are shown in Figure 8 , displayed as a full projection in RA, onto a RV-declination plane. The possible (more uncertain) stars are shown with open triangles, the more likely candidates noted with open diamonds. The velocity used for plotting is the average of all measured RV values in case we had more than one measurement. A wider velocity range is applied to this plot to accommodate all the binary stars, rendering the main stream cluster members and molecular gas into a narrow vertical feature. Counting all the possible (18) and more likely ones (34), the total number of binaries is 52, or ∼4% of the entire sample.
Based on these single epoch observations we cannot make an estimate of the spectroscopic binary fraction of the ONC. However, our results may be consistent with the low frequency of resolved multiple systems suggested for the ONC (see Köhler (2006) and references therein). In any event, our observation of position-velocity structure in the stellar distribution, which strongly correlates with the molecular gas, indicates that the overall dynamics are not strongly biased by binary motion, though our velocity dispersions may be slightly inflated due to orbital motion. Of course, there may be spectroscopic binaries present in our sample with much smaller velocity shifts that are difficult to separate from the main population (see §6.3).
High Radial Velocity Stars
In section 5.1 we showed that the RV distribution is relatively clean, with very few outliers from the main peak (see insert of Fig. 2 ). Although most of these high velocities are just false detections (the CCF peak found to be global is just marginally higher than any other local peak due to noise), some are real (a global CCF peak more than 50% higher than other local peaks); these stars have a note "R" in the Hα column of Table 3 . What makes these stars interesting is the possibility that they originated from a cluster by a decay of a triple or multiple young stellar system, or by interaction of multiple systems (Gualandris et al. 2004 ) and then were ejected at high velocities. The very high stellar density of ONC makes it a favorable place to look for such stars (one example may be the BN object, just north-west to the Trapezium (Rodríguez et al. 2005) ). Three members of ONC were recently suggested by Poveda et al. (2005) to be possible runaway stars based on proper motion measurements performed on photographic plates, but O'Dell at.al (2005) did not confirm these motions using proper motion measurements from Hubble Space Telescope images. Only one of these three stars (JW 355) can be found in our sample as 0535109-052246 (S2 ap220). Unfortunately the spectrum is very noisy so we have no additional radial velocity measurement.
-13 -Among our targets we have 21 stars with the "R" note, out of which 5 stars have velocities smaller than −40 km s −1 (more than ∼ 20σ off the mean cloud velocity) and 15 have RV values larger than 80 km s −1 . Each of these stars were observed only once so the only hint for companions, as an other possible reason of deviant RV, would be the CCF. However, for all of them it only has a single, well defined peak.
A relation to the cluster is apparent only in one case, as star 0535503-044208 (F11 ap146) shows Hα emission (therefore listed in Table 2 ). All the others exhibit only a nebular emission component superimposed on the Hα absorption line. According to the stellar parameters derived from the multi-template fitting, more than half of these stars are K-M dwarfs. Assuming main sequence colors (Kenyon & Hartmann 1995) , based on the derived temperature, and comparing it to the observed (J-H) value, we got extinction values of A V ≃ 3 − 4 by assuming a E(J − H) = 0.19 E(B − V ) relation (Bessell & Brett 1988) . This is a plausible value in those areas these stars are located, farther from dense regions.
The three most deviant RV stars are worth mentioning. One object is blueshifted at RV = −147 km s −1 , and exhibits only A V = 1.3. The low extinction is not surprising as this star (0537111-055946 or F31 ap162) is located at the very edge of our field, which also means just off to the side of the Orion A molecular cloud. The surface gravity suggests a giant, thus it is likely a background object based on its brightness. This is in agreement with its location, as we could have not observed it behind the denser parts of the cloud.
The two highly redshifted stars (0536592-050029 or F11 ap183 at RV = 232.5 km s −1 ; and 0537005-050931 or F22 ap138 at RV = 438.7 km s −1 ) have almost the same RA value as F31 ap162, so those are also just off the cloud. The former star seems to have a low surface gravity, and therefore it is likely a background object as well, at a brightness of J = 11.87. However, there seems to be a contradiction with its J magnitude, as the (J − H) = 1.09 color suggests a very high extinction adopting the intrinsic colors of (J − H) 0 = 0.66 from Alonso et al. (1999) , based on the stellar parameters derived form template fitting. Another problem with the interpretation as a background object is that the [F e/H] = +0.5 templates used for the analysis might be not adequate. Re-running the cross-correlation on a grid of metallicities (with a fixed rotational velocity of 0) it turns out a [F e/H] = −0.5 gives a better match (with T ef f = 4500 and log(g) = 1.5), but the observed and intrinsic colors are still in contradiction with the expected low extinction. Thus, additional spectroscopy is required to say more about this object.
Exploring metallicity by further template matching turned out to be crucial for the highest radial velocity star, F22 ap138, as for temperature we hit the edge of parameter space while performing cross-correlation of the original grid. Fixing the rotational velocity at 0 and exploring a metallicity-temperature-gravity grid we found the best match to be -14 -a [F e/H] = −1.5 spectrum with T ef f = 4250 and log(g) = 4.0. This results a plausible extinction of A V = 1.1. The low metallicity template suggests that this is not a young star, therefore very likely we witness a fast moving background member of an older population.
6. Discussion
Cluster in Formation
The significant position-velocity substructure seen in both the stars and the molecular gas clearly demonstrates that the ONC is not dynamically relaxed; qualitatively, it appears to be more consistent with dynamical models of cluster formation such as those of Hartmann & Burkert (2007) and Bate, Bonnell, & Bromm (2003) . The curvature of the 13 CO emission seen in the northern region of the position-velocity plot (Figure 4) , with a possible corresponding southern feature, is suggestive of gravitational acceleration of material toward the cluster center, where the gravitational potential well should be deepest. Gravitational acceleration is also consistent with the evidence for the largest velocity distribution in the gas located near the center. Many stars exhibit the same position-velocity distribution as the 13 CO, which suggests that these stars are mostly following the motion of the dense gas within which they formed. If these motions were primarily the result of stellar energy input through winds or photoionization, it is not clear that the gas and many stars should show the same kinematics, as such energy input could easily blow the gas away from the stars -some possible examples of this are discussed in the following section.
The observed correlation of stars and dense gas in space and in velocity indicates that the inner regions cannot have experienced more than about one crossing or collapse time; otherwise the velocity structure would be erased as the infalling gas shocks and dissipates its kinetic energy, with the stars passing through the shocked gas. Overall, the spatial coherence in the 13 CO gas kinematics, the evidence that many younger stars follow this motion, and the strongly filamentary structure of the stellar distribution outside the main core of the ONC suggest that the ONC still exhibits features traceable to its initial conditions of formation.
Subgroups and stellar energy input
While there is a strong general spatial and kinematic correlation between stars and dense gas, there are exceptions. One especially clear case can be seen on the bottom left panel of Fig. 4 at DEC ≃ −5
• 27 ′ : a tight, linear string of stars sticking out of the main cloud as a "nose" extending between RV = 21 and 25 km s Selecting "off-cloud" stars by means of an velocity envelope for the gas (thin curve in left panel) results in demonstrating that these stars are spatially concentrated in a region south-west of the Trapezium which is relatively evacuated, as indicated by the weak 8µm emission seen in the IRAC map (right panel, grayscale). This region is also known for a large number of Herbig-Haro objects shaped like bow-shocks pointing back toward the Trapezium region (see description in O'dell (2001)), consistent with the idea that outflows from the region of most current star formation is blowing out material.
We therefore suggest that the molecular gas in this region originally extended to more negative velocities, but that outflows have cleared away the gas, making an "indentation" in the position-velocity plot at ∼ −5 d 26 m , RV ∼ 24 km s −1 , and leaving the recently-formed stars behind.
There are other interesting small scale structures, like the tight, dense sub-cluster group seen in the middle of the second panel of Fig. 5 (upper row, 2nd panel from left to right, also somewhat apparent on Fig. 4 upper row, rightmost panel). These can be remnants of small building blocks, traces of density variations in the primordial cloud.
Other Populations?
Based on Fig. 7 , we divided our sample into IR-excess sources, with ( Looking at the left panel in Figure 10 , southward of −6
• there are very few CTTS. This abrupt change is an unfortunate selection effect. The targets selected for our second observing run (S fields) had a southern declination limit of −6
• , exactly where the sudden change of excess/non-excess ratio happens. And since targets for the first observing run (F fields) were selected from the 2MASS color-magnitude diagram, our selection was biased against stars with IR excesses because of the (H − K) < 0.5 criterion.
While many of the non-excess stars (middle panel) follow the general distribution of gas and excess stars, a modest number clearly exhibit a broader distribution in radial velocity, -16 -with more blue-than redshifted stars. This can be seen on the right panel, where we present RV histograms of excess (solid bars) and non-excess (gray-shaded boxes) stars, for three declination ranges (north, with DEC > −5.2; mid, with −5.2 > DEC > −6.0; and south, DEC < −6.0 -as represented by the location of the histograms as well). We divided this way because RV bahavior of the gas is very different in these regions: the northern velocity is significantly higher than the mean velocity in the south, and the middle section exhibits a strong RV gradient. Regardless, the velocity distribution of non-excess stars is wider because of a secondary peak at lower velocities.
One possibility is that the lower-velocity stars have been ejected from the main cluster. Close encounters in multiple star systems might result in ejecting stars while stripping their disks; the red-shifted stars might then eventually plunge into the dense, opaque regions behind, leaving more optically-visible stars with blueshifts. However, this seems unlikely because it requires a surprisingly large fraction of stars to be ejected, we do not detect a larger density of such objects nearer the center of the ONC, where the high stellar density would be more favorable to ejection. In addition, south of −6
• the velocity distribution is clearly bimodal, with a very tight velocity spread for the on-cloud stars; it is not clear why ejection would lead to such distinct structures.
Another possibility is that we are detecting a foreground, older population. Stars in the foreground Orion 1a association (Brown et al. 1994 ) may have a heliocentric radial velocity near ∼ 20 km s −1 , as suggested by measurements of the 25 Ori group Briceño et al. (2007) . If this is the case, it would mean that the Orion 1a association is much more spread spatially towards the ONC (in the foreground) than has previously been realized.
A third possibility is that stellar energy input blew out material, forming a small proportion of stars in a bubble wall moving toward us. To explore this idea further, we plot only the stars with RV values less than 22 km s −1 in the RA-DEC plot of Figure 11 . Since there is no gas here, we display the most blueshifted 1 km s −1 wide channel of the gas at 23 km s −1 heliocentric velocity. The northern foreground stars seems to be separated from the older southern group, by an almost empty gap running east-west at −6
• 00 ′ . However, this might be the result of a combination of our bias against selecting infrared-excess stars mentioned above and accidental fiber coverage. Still, there is some structural similarity between the distribution of these southern foreground stars and the gas "behind", redshifted to it. Note how these southern stars are spread on top of two-three denser gas clumps. If this structure is interpreted as a local "bubble", this could have been created at the very beginning of star formation by the early emergence of some OB stars in the region. These stars than could have blown away most of the gas from us, some smaller amount towards us, and so other stars could have formed at this early stage in this perturbed southern region.
-17 -This picture would require some OB stars in the questioned region, and the list of Brown et al. (1994) contains six of them interestingly close to −6 degree declination (see Fig. 11 ). However, obviously none of these is in close vicinity of the gas now, as there are no apparent HII regions at this part of the molecular cloud. An additional problem is that one would expect such a population to be somewhat older than the main cloud, which is not obvious in the J vs. J-H diagram. This is not a particular problem for the foreground population hypothesis, as the Orion 1a stars will appear higher in the color-magnitude diagram at a given age than the ONC.
In conclusion, the reasons for the additional velocity spread of the non-excess stars are not clear. Further monitoring for radial velocity variations as well as more detailed studies of the stellar properties are needed to determine which of the above possibilities are correct.
Comparison with Other Observations and Models
If the ONC is not dynamically relaxed, why did HH98 find a fairly good fit to a King cluster model? (Note that Scally et al. (2005) point out difficulties with physically interpreting the ONC in this way). The central region of radius ∼ 0.5 pc does appear to exhibit a smooth distribution, and thus may be closer to having relaxed, though it is somewhat elongated. On larger scales, the elongation is sufficiently large that azimuthal averaging is not appropriate. To take an extreme example of what this averaging can do, imagine a cylindrical distribution of material in the plane of the sky with uniform surface density and width W . Azimuthal averaging of this distribution results in an average surface density Σ ∼ constant for r < W and Σ ∝ r −1 for r ≫ W . Interpreting this surface density in terms of a spherically-symmetric density distribution results in ρ ∼ constant for r < W and ρ ∝ r −2 for r ≫ W , which is roughly consistent with a King model. The ONC is not as extreme in structure as this simple example, but it illustrates the potentially misleading nature of azimuthal averaging of an intrinsically highly elongated structure.
Comparing azimuthally averaged stellar densities and global velocity dispersions to Nbody calculations, Kroupa (2000) was unable to distinguish whether the ONC is in equilibrium, or is collapsing, or is expanding; a similar result was obtained Scally et al. (2005) . This demonstrates the importance of avoiding azimuthal averaging and obtaining detailed kinematic observations of gas and stars in developing an understanding of the dynamical state of the region. Tan, Krumholz, & McKee (2006; TKM06) have argued for a picture in which rich star clusters take several dynamical times to form, are quasi-equilibrium structures during -18 -formation, and thus initial conditions are not very important. In particular, TKM06 discuss the ONC and argue that it is several crossing times old, of order 3 Myr, larger than assumed here. Here we discuss why we arrive at different conclusions.
Following Scally & Clarke (2002) , TKM06 argue that the smoothness of the spatial distribution of the stars in the ONC argues for long formation times, which allow clumps of stars to disperse. As pointed out above, the azimuthal averaging done by Hillenbrand & Hartmann (1998) was somewhat misleading, helping to smooth out filamentary structure. In addition, the gas kinematics, and to a lesser extent the stellar kinematics, show substructure which is less evident in the spatial distribution alone.
TKM06 also use the analysis of stellar ages in the 0.4−6M ⊙ mass range by Palla & Stahler (1999) to argue for a large age spread in the ONC. Although they note that Hartmann (2003) pointed out problems of contamination by non-members, TKM06 do not take sufficient notice of the mass-dependence of isochrones. As was clear from the original work by Hillenbrand (1997) , and is evident in Figure 4 of Palla & Stahler (2000) , standard isochrones imply that stars of 1 to 5 M ⊙ in the ONC have systematically older ages by one to a few Myr than both the lower mass stars and the higher mass stars. This effect is seen in virtually every star-forming region, at least comparing the intermediate mass stars to the lower mass < 1M ⊙ stars (see HR diagrams in Palla & Stahler (2000) ). In other words, the "tail" of older stars in the distribution of stellar ages found by Palla & Stahler (1999 , 2000 is strongly populated by a different mass range (intermediate mass stars) than the peak of the age distribution (low mass stars).
As pointed out by Hartmann (2003) , if one takes these age determinations at face value, it means that the ONC existed for a few Myr as a cluster forming mostly intermediate mass stars, with very few low mass stars (or high-mass stars). In other words, the ONC (and other regions) begin their first few Myr of existence with extremely non-standard stellar initial mass functions (IMFs). There is no observational evidence for any young clusters dominated by intermediate-mass stars by number. Therefore, there must be something wrong with the isochrones.
Pre-main sequence ages are contraction ages; one must know the starting radius of the star to determine the age. TKM06 argue that corrections for starting radii (the "birthline" position) are only important for stars with ages < 1 Myr. However, Hartmann (2003) showed that this is not necessarily true for intermediate-mass stars; changing the accretion rates at which stars form over plausible ranges can have very big effects on the birthline for 1M ⊙ stars. Thus, the apparent ages of the intermediate-mass stars can be systematically overestimated due to incorrect birthline assumptions; this allows the ONC to maintain a roughly typical IMF over its formation. With this correction, the fraction of stars older than -19 -2 Myr decreases dramatically.
Summary
We have carried out a spectroscopic survey of 1215 stars located in the northern end of Orion A molecular cloud, covering the ONC and its vicinity. The obtained radial velocities show a well defined spatial and kinematical structure of the stellar component, which is very similar to the one seen in the molecular gas. Comparing our observational results to the model of Hartmann & Burkert (2007) , we draw the following picture of the ONC region:
On large scales the gas (and stars) exhibit a velocity gradient due to rotation or shear running north-south. The curvature seen most clearly in the northern arm of the gas in the position-velocity diagrams suggests gravitational acceleration towards the cluster center. We further conjecture that the concentration of gas (and stars) south of the Trapezium region is somewhat in front and is also falling in towards the center, explaining its higher radial velocities; the Orion Bar photodissociation region appears to reside just above, or perhaps at the upper edge, of this moving clump. The southern part of the filament may also be falling in, although the motions are much less organized than is apparent in the northern arm. Finally, it may be possible that the process of blowing out the near side of the cloud, in the south, resulted in accelerating and compressing gas which formed a small population of stars with velocities blueshifted by a few km s −1 ; or, these stars may be foreground objects in a different kinematic system possibly associated with Orion OB 1a.
The high degree agreement between the structure of the gaseous and stellar component suggest the region is very young, only ∼ 1 crossing time old, otherwise gravitational interaction should have been smoothed the fine structure still clearly visible in our data. Note that the observational errors for the stellar radial velocities (ranging from 0.5 -1.5 kms) are larger than the observational errors in the radio measurements. In addition, with only two epochs (at most) we cannot correct for the effects of even small binary motion. For these reasons it is not yet possible to make fine distinctions between stellar and gas kinematics.
The spectra in the Hα order provide not only RV measurements but allow the possibility of classifying many stars according to their Hα emission. With the aid of IRAC photometry we were able to confirm the presence of disk around many CTTS opening/loss of a disk around most WTTS. To the south we see another older but foreground population, which still might be not completely independent but connected to the region, suggested by continuous streams of stars to the south and north of this group and by the similarity in the spatial structure of the "background" gas and these blueshifted stars.
-20 -In a future communication we will provide further improvements in the detection of spectroscopic binaries and provide additional checks on membership using the 6708Å Li line.
We would like to thank for the MMT observers and instrument support team for all their efforts to make Hectochelle work and for providing continous help in the preparation of the observations and in data acquisition: Perry Berlind, Mike Calkins, Maureen Conroy, Dan Fabricant and John Roll. Lori Allen's comments were very useful in making the text comprehensive. This work was supported in part by NASA grant NNG06GJ32G. If the faintest spectra are included, which also yield low S/N ratio (R value) in the cross correlation, a false peak appears in the distribution at the heliocentric correction velocity (V rad = 14 km s −1 ). Therefore in the later analysis we only used R > 4 spectra, which we found not to be influenced by scattered moonlight. For the main peak the shape is independent of the R value, and can be fitted with a σ = 3.1 km s −1 Gaussian, however there are is one relevant departure from the fit at V rad = 19 km s −1 . Distribution of stars within 15
′ of Trapezium are displayed with narrower, light-gray shaded impulses, to show how the distribution of ONC stars compare to the entire region. Note the more flattened peak, but also the agreement in the mean velocity and dispersion. The insert shows the entire 1000 km s −1 wide velocity range explored in the cross correlation, and even including the lowest R value spectra (R > 2) the global peak around V rad = 26 km s −1 is very well defined, with only a very few outliers (these are usually faint, noisy spectra). Fig. 3 .-Velocity channel maps of the ONC region. The dots represent stars with one (red) or more (black) RV measurements, while blue is the molecular gas observed in 13 CO, both displayed in 1 km s −1 channels. LSR velocities of the gas is converted to heliocentric (V helio = V LSR + 17.5). The size of the dots correspond to the R value, larger dot means more accurate velocity. The north-south velocity gradient is obvious and the correlation between the spatial and density distribution of stars and molecular gas is very significant. This suggests that the stars are still co-moving with the gas clouds in which they formed. Table 2 and 3). The thick solid line is the observed spectrum with linear scaling and with the supposed nebular component cut off and replaced by a linear segment. The span of the y axis was scaled to accommodate the peak of the original, unmodified profile, so one can read the relative strength respect to continuum even the peak was found to purely nebular and therefore was cut off. For the original profile, and to emphasize the sometimes barely visible wings, we also show as thin solid line a log scaled version of the observed, unmodified profile. It is scaled to match in peak the original, linear scaled peak height (so the scale does not apply to this). Solid triangles mark the 10% full width for the nebular-line corrected spectrum. [See the electronic edition of the Journal for all observed Hα profiles -or contact the authors] -30 - Fig. 7 .-IRAC color-color diagram of stars with measured RV. Stars with signs of accretion (wide Hα emission, CTTSs) detected in the spectra must have a disk, and accordingly they do exhibit infrared excess (filled squares), occupying the approximate domain of Class II objects (Allen et al. 2004) . Among stars showing only weak Hα emission (filled triangles) some still exhibit infrared excess, meaning the disk is yet presented but accretion has already stopped. Most of the WTTS stars, however, have no signs of disks and scatter around (0, 0). These Class III objects, exhibiting no intrinsic infrared excess, share the area of the graph with field stars and older cluster members showing no signs of Hα emission (open circles). is slightly but clearly offset from the molecular gas by about 1-2 km s −1 . Most of these stars also show infrared excess (filled squares); only a few do not (open circles), and so are clearly members. We defined a velocity envelope for the 13 CO emission (thin curve), and plot the positions of the stars blueward of this envelope in the right panel. These "off-cloud" stars tend to lie in a relatively evacuated region west-south-west of Trapezium (noted as an open triangle), as indicated by the low dust emission seen in the 8µm IRAC map (shaded area). All other stars with measured velocities and R > 4 are shown as black dots, and two vertical lines represent the RA limits of the channel map on the left. The morphology of the region suggests that molecular gas has recently been evacuated by outflows from the Trapezium region (see text). On the right, we show histograms for three declination bands, which are indicated by the locations of the histograms. Note, that for the northern section (DEC > −5.2 deg) the mean velocity of the gas is redshifted, as it is seen in the displaced peak of the distribuiton as well. The middle (−5.2 > DEC > −6.0) and southern (DEC < −6.0) sections have similar mean velocities, although there is a strong RV gradient in the mid-declination range. On these histograms the gray shaded columns represent the distribution of the non-excess stars (middle panel), the black bars represent the excess stars (left panel). Note the group of stars around DEC = −6 d 15 m and RV = 19 km s −1 , which is only apparent on the middle panel (non-excess stars) and could be an older foreground population. This group is responsible for the small local peak at 19 km s −1 in the RV histogram of Fig. 2 . Also note that at DEC < −6 there are less IR excess sources on cloud, which is a selection effect (see text for details).
-34 - Fig. 11 .-Spatial distribution of foreground stars (filled circles), with significantly blueshifted velocities respect to the molecular cloud (shaded areas). The stars are displayed between 16 < RV < 22 km s −1 , and since there is no gas at this heliocentric velocity range, we plot the most blueshifted RA-DEC channel of the gas at RV = 23 km s −1 . Contours of stellar density are also plotted (with levels of 1 star per 0.2×0.2 degree area) Open circles note the OB stars arund DEC ≃ −6
• (HD 37303, 37209, 37043, 37025, 36960 and 36959) . Note. -Hectochelle targets in ONC found to be members based on measured RV value or by detected Hα emission. The criteria of beeing RV member is to have at least one velocity measurement within 4σ of the cluster mean velocity: 13.7 km s −1 < V helio < 38.5 km s −1 . RV members listed only with R > 2, while stars with Hα emission are included regardless of R value, but with no velocity displayed. -for the full table see the electronic version of the Jurnal or contact the authors)
2MASS id -2MASS identification number (truncated RA and DEC coordiantes as: HHMMSSS+DDMMSS); ID -internal identification number, specifying the field (see Table 1 ) and aperture of observation. The letter F means the first run, and therefore 2MASS based selection, the letter S notes IRAC based selction and observation taken during the 2nd run; J -2MASS J magnitude; (J-H) -2MASS (J − H) color index; (H-K) -2MASS (H − K) color index; 3.6 − 4.5 -IRAC short wavelength color index; 5.8 − 8.0 -IRAC long wavelength color index; V rad -measured heliocentric radial velocity, in km s −1 ; V rad -xcsao error estimate for V rad , in km s −1 ; R -38 - Note. -Hectochelle targets in ONC found to be non-members based on measured RV value or lack of detected Hα emission. Stars are listed regardless of R value, but no velocity is displayed in case of very low R or undefined CCF. -For the full table see the electronic version of teh Jurnal or contact the authors.
2MASS id -2MASS identification number (truncated RA and DEC coordiantes as: HHMMSSS+DDMMSS); ID -internal identification number, specifying the field (see Table 1 ) and aperture of observation. The letter F means the first run, and therefore 2MASS based selection, the letter S notes IRAC based selction and observation taken during the 2nd run; J -2MASS J magnitude; (J-H) -2MASS (J − H) color index; (H-K) -2MASS (H − K) color index; 3.6 − 4.5 -IRAC short wavelength color index; 5.8 − 8.0 -IRAC long wavelength color index; V rad -measured heliocentric radial velocity, in km s −1 ; V rad -xcsao error estimate for V rad , in km s −1 ; R -R value of cross correlation (see text for details); S -height of the CCF peak; EWc -absolute value of equivalent width, measured on the corrected Hα profile (see text for details); F W 10% -full width of Hα profile at 10% level of the corrected maximum (see text for details);
Hα -notes on the Hα emission profile: D -resolved or unresolved double gaussian profile, no excess H-alpha emission (likley non-TTS); R -obviously shifted
